Plasma cortisol is largely bound to corticosteroid-binding globulin (CBG), which regulates its bioavailability by restricting exit from capillaries. Levels of CBG may be altered by several factors including stress and this can influence the amount of cortisol reaching cells. This study investigated the effect of social instability on plasma concentrations of CBG, total and free (not protein bound) cortisol in horses. Horses new to our research herd ('newcomers') were confined in a small yard with four dominant resident horses for 3-4 h daily for 3-4 (n=5) or 9-14 (n=3) days. Jugular blood was collected in the mornings from newcomers before the period of stress began ('pre-stress'), and then before each day's stress. Residents were bled before stress on the first and thirteenth day.
Introduction
'Stress' has been defined as any event resulting in increased activity of the hypothalamo-pituitary-adrenal (HPA) axis (Harbuz & Lightman 1992) . The end result of HPA axis activation is a rise in plasma corticosteroid concentrations. Accordingly, plasma corticosteroids are often monitored experimentally to gauge an animal's perception of the 'stressfulness' of various situations and clinically to evaluate the function of the axis. In the majority of such studies, total plasma corticosteroid concentrations have been assayed. These measurements do not take into account the fact that more than 90% of circulating corticosteroids in rats and humans (Hammond 1990 ) is bound to a specific binding protein, corticosteroid-binding globulin (CBG), while the percentage of CBG-bound corticosteroid ranges between 67 and 87% in several domestic species, including horses (Gayrard et al. 1996) . The current dogma is that only cortisol unbound to CBG, i.e. 'free', passes readily out of capillaries and is thus biologically active (Rosner 1990 (Rosner , 1991 , although this hypothesis has been questioned (see Ekins 1990) . The presence of CBG would have little effect on the interpretation of total cortisol data if CBG concentrations never varied. However, scattered reports over the last two decades suggest that plasma CBG concentrations (or binding capacity) are not constant and can be altered by many factors; including age (van Maelen et al. 1977 , Irvine & Alexander 1987 , diet (Haourigui et al. 1993 (Haourigui et al. , 1995 , and acute (Fleshner et al. 1995 , Marti et al. 1997 , Tannenbaum et al. 1997 or chronic (Kattesh et al. 1980 , Spencer et al. 1996 stress. In the face of changing CBG concentrations, it is unlikely that total cortisol measurements will reflect accurately the plasma profile of the free hormone. Furthermore, since cortisol half-life, pool size and volume of distribution are determined largely by the concentration of CBG, total plasma cortisol concentrations cannot be related to the cortisol production rate, as is common clinical practice, when CBG varies (Bright 1995) .
In this study we investigated the effect of two perturbations, a novel environment and chronic social instability, on plasma concentrations of CBG, total and free cortisol in horses. We have previously shown that placing horses in a novel environment obliterates the circadian rhythm in total cortisol concentrations by elevating levels during the time of the normal trough (Irvine & Alexander 1994) . The effect of social instability on the HPA axis of horses is unknown. However, horses are herd animals, and in other social species, disruption of the social order activates the axis (Sapolsky 1990; Johnson et al. 1996) . Our aims were to determine whether these perturbations altered plasma CBG and, if so, to assess the adequacy of total cortisol measurements to predict free cortisol concentrations.
Materials and Methods

Animals
Sixteen Standardbred (n=13) or Thoroughbred horses aged 4-20 years were used. Four were long-term (>5 years) residents of the Lincoln University Research Farm and had attained positions high in the herd hierarchy. Twelve were newcomers to the Research Farm, having been obtained either by private donation (n=7) or from a local horse slaughterer (n=5). The horse slaughterer operated on a small scale and accumulated horses in a large grass paddock some distance from his abattoir. It seems unlikely that these horses were aware of their planned demise. Once at Lincoln, all horses were kept on pasture, with newcomers and residents held in separate paddocks. All procedures used were considered to be normal horse management as approved by the Lincoln University Animal Ethics Committee.
Experiment 1. Effect of a novel environment followed by social stress lasting 9-14 days
The design of this experiment is shown in Fig. 1 . Three newcomers (two mares, one gelding) were selected from their paddock at the horse slaughterer's place and jugular blood (5 ml) collected by venipuncture (=day 0, the 'pre-stress' sample). They were then taken to a novel environment (i.e. a paddock at the Lincoln University Research Farm) and jugular blood sampled between 0900 and 1200 h on alternate days for 10 days. On the morning of day 11, the newcomers were placed in a yard (12 30 m) for 3-4 h with the four resident mares. The behaviour of all horses was closely monitored, and horses were separated if fighting seemed likely to result in injury. Stress was repeated commencing between 0930 and 1030 h approximately daily for 9-14 days; however the nature of the stress was varied randomly to prevent horses from becoming accustomed to one procedure. Sometimes one newcomer was isolated in an enclosed barn or left alone in the paddock while the others were yarded with the resident mares.
Jugular blood was collected from the newcomers in their Lincoln paddock before stress (the 'basal morning sample') and in the barn or yard immediately after stress. Resident mares were bled in the yard before and after stress on days 11 and 23. Horses show a circadian rhythm in plasma cortisol concentrations and the basal morning samples were collected during the broad circadian peak (Irvine & Alexander 1994) .
By the end of the stress period, all newcomers had severe respiratory infections.
Experiment 2. Effect of a novel environment or social stress lasting 3-4 days
Because experiment 1 newcomers became ill, the duration of stress was curtailed to 3-4 days in this experiment (Fig.  1 ). Nine newcomers (four geldings, five mares) were used. Four horses were studied during the first 4 days after their arrival in the novel environment of their Research Farm paddock and were not stressed further. Five horses were given several weeks to become accustomed to their environment and then underwent social stress as described in experiment 1 but lasting 3-4 days. All the horses experiencing only the novel environment were obtained by private donation.
Blood samples were collected daily between 0930 and 1030 h in the horse's paddock. Four of the newcomers experiencing social stress were also bled 0·5 and 3 h after the start of the first day's stress.
Assays
Total cortisol was measured by radioimmunoassay using iodinated cortisol after ethanol extraction as previously described (Alexander et al. 1993) . Cortisol standards were made in plasma from a dexamethasone-treated horse and extracted in ethanol, thereby providing an internal correction for procedural losses. Within-and betweenassay coefficients of variation (CV) were 7 and 12% respectively.
The binding capacity of corticosteroid-binding globulin (CBG) was measured using a modification of the charcoal adsorption method of Ballard et al. (1982) as validated previously for use in horses (Irvine & Alexander 1987) . This method measures the amount of cortisol which can be bound by CBG at saturation in a given sample. Briefly, duplicate 0·1 ml aliquots of plasma were added to tubes in which 0·25 ng [1,2,6,7- 3 H]cortisol (specific activity 80 Ci/mol; The Radiochemical Centre, Amersham, Bucks, UK) and 20 ng unlabelled cortisol (Sigma Chemicals, St Louis, MO, USA) had been dried down under air. The plasma was heated to 37 C for 30 min, vortexed, and held at 2 C for 60 min. Acid-washed, activated charcoal (0·03 ml solution of 85 mg/ml in 0·04 M Tris/HCl buffer, pH 7·4) was then added to all tubes, which were mixed for 3 s and centrifuged for 5 min at 6000 g. Immediately, 0·05 ml supernatant were placed in a counting vial and 9 ml scintillant (0·3% 2,5-diphenyloxazole (Sigma Chemicals), 0·007% dimethyl POPOP (Sigma Chemicals) in toluene:Triton X100 (2:1)) were added. The CBG capacity was calculated as the total cortisol in the system multiplied by the fraction bound in the charcoal supernatant. Within-and between-assay CV values were 2 and 4% respectively.
Free cortisol was determined by a method which uses hydrated Sephadex beads as micro-dialysis sacs allowing small molecules such as cortisol to enter freely but excluding proteins, e.g. CBG (Irvine & Alexander 1987) . Briefly, plasma (0·5 ml) and buffer (2·0 ml; 0·04 M Tris, 0·1 M NaCl, pH 7·4) were combined in glass tubes containing 0·1 ng [ 3 H]cortisol and heated to 37 C for 15 min. Duplicate 1-ml aliquots were then added to glass tubes containing 175 mg Sephadex G-25 Coarse (Pharmacia Fine Chemicals, Uppsala, Sweden), stirred intermittently at 37 C for 10 min and allowed to settle for 1 min. A portion (0·2 ml) of the supernatant was counted by liquid scintillation as described above. Results were calculated as described previously (Irvine & Alexander 1987) .
Statistical analyses
The effect of prolonged social stress on hormone concentrations was assessed by analysis of variance (ANOVA) for repeated measures followed by Dunnett's test at the 0·05 level when the F value was significant. Only samples collected in the home paddock before each day's stress (basal morning samples) were used in this analysis. For newcomers, data were pooled into the following periods for analysis: 1) pre-stress (day 0), 2) novel environment (days 1-10), 3a) social stress (days 11-12; i.e. 2 days of social stress), 3b) social stress (days 13-14; i.e. 4 days of stress), 3c) social stress (days 15-16; i.e. 6 days of stress) and 3d) social stress (days 17-18; i.e. 8 days of stress). Hormonal parameters in residents and newcomers were compared by Student's unpaired t-test.
For stresses of shorter duration, pre-stress hormone concentrations were compared to those on the final day's sampling (horses experiencing a novel environment only) or to those before the final day's social stress by paired t-test. Appropriate data from experiment 1 horses were included in these analyses so that a total of eight sociallystressed horses and seven horses in a novel environment were studied. Acute changes in concentrations of total cortisol or CBG during the first day's social stress were assessed by ANOVA for repeated measures.
Data are given as means ...
Results
Behaviour
Resident mares always behaved aggressively towards the newcomers and unprovoked attacks were common. All but one newcomer (one experiment 1 mare) responded submissively to these attacks. They did not fight when challenged, avoided confrontations by retreating and usually stood passively in a corner of the yard. The exceptional newcomer initially returned the residents' aggression, but by the end of the second week of stress she too had become submissive.
Experiment 1. Effect of a novel environment followed by social stress lasting 9-14 days
Hormonal data: newcomers Basal morning concentrations of total cortisol fell in the two submissive horses, but rose in the aggressive horse, and overall were not altered by social stress. By contrast, CBG binding capacity was reduced (P=0·001) by stress, decreasing in all horses and differing from baseline values at each period tested except the second (i.e. a novel environment without social stress) (Fig. 2) . Basal morning free cortisol concentrations were increased by social stress in all horses, but the magnitude and duration of the increment varied, preventing statistical significance. In the two mares, basal morning free cortisol concentrations were still twice pre-stress values after 8 days of stress (data not shown). Total cortisol concentrations were consistently higher immediately after each day's social stress than before in the two mares during the first week, and in all horses during the second week.
Hormonal data: residents Neither basal morning free nor total cortisol concentrations were affected significantly by social stress, although both tended to fall (Fig. 3) . In contrast, the slight decline in CBG binding capacity was significant (P=0·0162) after 12 days of stress (Fig. 3) . Residents and newcomers did not differ in pre-stress CBG binding capacity, total or free cortisol concentrations (Table 1) . However, by the second week of social stress, basal morning CBG binding capacity was lower in newcomers than in residents, while free cortisol concentrations were higher in newcomers (Table 1) . Basal morning total cortisol did not differ between the groups. Eight days after stress had ceased, free cortisol remained elevated in newcomers, but neither CBG binding capacity nor total cortisol differed between the groups. Experiment 2. Effect of a novel environment or social stress lasting 3-4 days ormonal changes were similar in experiment 1 and 2 newcomers. When basal morning data from the two experiments were pooled, CBG binding capacity was found to fall (P=0·0025), while free cortisol concentrations rose (P=0·0016) after 3-4 days of social stress. In contrast, basal morning total cortisol was not altered by treatment (Fig. 4) .
During the first day's stress, total cortisol concentrations were raised (P=0·0122) above basal values within 0·5 h and remained elevated after 3 h of stress (Fig. 5) . In contrast, CBG binding capacity did not change acutely (Fig. 5) . Figure 2 Mean ( S.E.M.) plasma concentration of free cortisol (cort) and the binding capacity of CBG in morning samples collected from three experiment 1 newcomer horses before imposed stress commenced (period 1), during 10 days in a novel environment (period 2), and before daily periods of social stress (period 3 which has been divided into four 2-day blocks, a-d). Asterisks mark CBG means that differ from pre-stress values at the 0·05 level. Free cortisol concentrations were not affected significantly by treatment. Figure 3 Mean ( S.E.M.) plasma concentrations of total and free cortisol, and the binding capacity of CBG in morning samples collected from four dominant resident horses before imposed stress commenced and before day 13 of social stress. Only CBG concentrations differed (*P=0·0162) between the two samples. Figure 4 Mean ( S.E.M.) plasma concentrations of total and free cortisol, and the binding capacity of CBG in morning samples from eight newcomer horses before imposed stress commenced and before the third or fourth day of social stress. Data from experiment 1 and 2 were pooled for this analysis. Free cortisol concentrations were higher (P=0·0016) and CBG binding capacity was lower (P=0·0025) during social stress than before stress began. NS, not significant.
Exposure to a novel environment alone did not affect CBG binding capacity, or basal morning free or total cortisol concentrations (Fig. 6 ). Results were not affected by the source of the horses; i.e. private donation or horse slaughterer (data not shown).
Discussion
Chronic social stress in horses lowered the binding capacity of CBG in basal morning samples. Stress-induced changes in CBG have not been reported previously in this species; however they have been observed in other species such as in rats where chronic social stress reduces plasma CBG levels (Spencer et al. 1996) . Moreover, the CBG decrement is greater in subordinate than in dominant rats (Spencer et al. 1996) , which is similar to our findings in horses. In pigs, prolonged crowding and heat stress decrease CBG binding capacity (Kattesh et al. 1980) . The CBG binding capacity is also lower in wasting or unthrifty weanling pigs than in healthy controls (Albinsson & Andersson 1990) . Wasting occurs more often in submissive than in dominant piglets and has been attributed to a chronic stress syndrome caused by an inability to cope with a new social organization (Albinsson & Andersson 1990) .
Social stress immediately raised plasma cortisol in newcomers and the acute activation of the HPA axis persisted into the second week of stress, showing that the horses did not become accustomed to the procedures. However, total cortisol concentrations approximately 20 h after each episode of social stress (i.e. the basal morning samples) did not alter during the course of either experiment 1 or 2 and did not differ from starting values. Furthermore, total cortisol concentrations did not differ between residents and newcomers either pre-stress or during the second week of stress. In other social species, plasma corticosteroid concentrations increase when the social hierarchy is disrupted (Dalin et al. 1993 , Tsuma et al. 1996 , but remain elevated while the social hierarchy is unstable (Sapolsky 1990 , Johnson et al. 1996 , Spencer et al. 1996 . Even within a stable social order, the HPA axis is chronically hyperactive in subordinate animals (Sapolsky 1990 , Shively et al. 1997 . A possible explanation for the discrepancy between these and our results in horses is that our horses experienced social stress for only 3-4 h each day, whereas stress was continuous for the other species and presumably therefore more intense.
Another explanation for the discrepancy between species is that total cortisol concentrations in horses did not reflect HPA axis status. Unlike total cortisol, basal morning free cortisol concentrations were increased after 3-4 days of social stress in newcomer horses. In the two mares undergoing prolonged stress, basal free cortisol levels were still twice pre-stress values after 8 days of stress. This chronic exposure to raised free cortisol concentrations may explain why the three horses stressed for 9-14 days developed respiratory infections. It is well accepted that Figure 5 Mean ( S.E.M.) total cortisol concentrations and CBG binding capacity in four experiment 2 newcomer horses immediately before, and 0·5 and/or 3 h after the start of the first day's social stress. Asterisks mark means that differ from pre-stress values at the 0·05 level. Figure 6 Mean ( S.E.M.) plasma concentrations of total and free cortisol, and the binding capacity of CBG in morning samples from seven newcomer horses before imposed stress commenced and on the third or fourth day in a novel environment. Data from experiment 1 and 2 were pooled for this analysis. There were no significant differences between samples in any parameter.
corticosteroids inhibit immune activity at several levels (Bateman et al. 1989 , Khansari et al. 1990 , Harbuz & Lightman 1992 . Moreover, corticosteroid increments need not be large to have a deleterious effect. This is seen in rats where small elevations in circadian nadir corticosteroid levels due to chronic or repeated stress have a profound impact on the body, being accompanied by decreased thymus weight and general ill-thrift (Scribner et al. 1991) . In other species, low social status is also associated with decreased indices of immune system function (Line et al. 1996 , Stefanski & Hendrichs 1996 and increased susceptibility to infections (Cohen et al. 1997) , which may be due to elevated corticosteroids.
In contrast, basal morning free cortisol concentrations in resident horses tended to fall during the fortnight of social stress. Since our sampling regimen was less frequent for residents than newcomers, it is possible that we failed to detect a free cortisol rise in the residents. However, the fact that the residents did not fall ill is consistent with the absence of a prolonged increase in free cortisol. Also in other species, social disruption is a lesser stress for dominant than subordinate animals (Spencer et al. 1996 , Stefanski & Hendrichs 1996 , if the dominants' position is not threatened (Stefanski & Hendrichs 1996) .
Placing horses in a novel environment without added social stress did not affect CBG binding capacity, or basal morning free or total cortisol concentrations. We have previously shown that horses in a novel environment lack a circadian rhythm in plasma total cortisol; however their cortisol levels are significantly higher than those in unstressed controls only during the time of the evening trough (Irvine & Alexander 1994 ). If we had sampled the horses in this study in the evening, it is probable that we would have found that the novel environment raised total and free cortisol. On the other hand, it seems likely that morning samples would have been adequate to detect a fall in CBG had it occurred. In socially-stressed newcomers, the CBG binding capacity did not change acutely in response to stress, but rather declined in basal morning samples over the course of several days. The circulatory half-life of equine CBG is unknown; however in other species it is prolonged, e.g. 14·5 h in rats (Smith & Hammond 1992 ). This long half-life leads to a lag between the onset of stress and detectable changes in plasma CBG. CBG is lowered in rats given 1 h immobilization (Marti et al. 1997) , restraint (Tannenbaum et al. 1997) or 100 inescapable tail shocks administered over 5 s approximately every min (Fleshner et al. 1995) , or in pigs after anaesthesia and surgery (Dalin et al. 1993) , but the decline does not occur until 24-48 h after stress. If morning samples were adequate to detect stress-induced CBG changes, it may be that a novel environment was not an intense enough stress in horses to affect CBG. Indeed, in other species, mild stressors do not alter CBG. In rats, for example, cold (Bhatnagar et al. 1995) or food and water deprivation (Marti et al. 1997) do not affect CBG, while in pigs novel surroundings or companions (Dalin et al. 1993) do not produce an immediate change in CBG binding.
The function of the stress-induced fall in CBG is unclear. One possibility is that it serves to increase free corticosteroids, thereby producing greater stimulation of target tissues to combat stress (Fleshner et al. 1995) . It has been observed that hormonal effects correlate closely with the free hormone concentration, not the bound (Ekins 1990) . However, although the fraction of total plasma corticosteroids that is free rises when CBG binding is reduced, the absolute concentration of free hormone will not increase unless the cortisol secretion rate accelerates. This is because cortisol half-life, pool size and volume of distribution are inversely proportional to the concentration of CBG (Bright 1995) . Under resting conditions, a rise in free cortisol concentrations would feedback at hypothalamus and pituitary, reducing their activity until free cortisol had returned to its set point. In states in which CBG concentrations are altered free cortisol concentrations remain within the normal range despite marked variations in total cortisol (Orth et al 1992) . However, in the sociallystressed newcomers a sustained elevation in the absolute concentration of free cortisol occurred. One explanation for this is that the ongoing stress experienced by the newcomers increased the central drive to the HPA axis and raised the free cortisol set point, thereby allowing higher-than-normal concentrations to be maintained. A second possible reason for the fall in CBG is that CBG itself is a hormone. There are high affinity, specific CBG receptors on the plasma membrane of a variety of cells (Rosner 1991) . When a CBG/steroid complex binds to its receptor, it is internalized, adenylate cyclase is rapidly induced and intracellular cAMP accumulates (Rosner 1990 (Rosner , 1991 . Moreover, the receptor is not activated by CBG molecules that are unoccupied by a steroid hormone (Rosner 1990 (Rosner , 1991 . However, the physiological consequence of CBG receptor stimulation remains obscure. A third possibility is that the fall in plasma CBG reflects the targeted release of corticosteroids at selected sites. CBG is a member of the superfamily of serine proteinase inhibitors (Pemberton et al. 1988) . When exposed to a serine protease, such as elastase on the surface of neutrophils, CBG is cleaved (Pemberton et al. 1988) , which reduces its affinity for cortisol by a factor of ten and can result in its disappearance from the plasma at a rate far exceeding the normal half-life (Rosner 1990) . Serine protease cleavage of CBG may serve to produce high concentrations of free corticosteroids at sites of inflammation (Hammond et al. 1991) . Although some of our socially-stressed horses did develop an inflammatory condition (respiratory infection), symptoms did not appear until after CBG had dropped significantly. However, it is possible that asymptomatic or localized inflammation preceded the fall in CBG.
In conclusion, we found that in horses social stress lowered the binding capacity of CBG, with the fall being greater in subordinate newcomers than in the dominant residents. Importantly, basal morning concentrations of free but not total cortisol were raised in the sociallystressed newcomers. Thus, in horses, plasma concentrations of total cortisol may not reflect accurately changes in the HPA axis status.
